Cardiolipin (CL) is a tetra-acyl phospholipid that provides structural and functional support to several proteins in the inner mitochondrial membrane. The majority of CL in the healthy mammalian heart contains four linoleic acid acyl chains (L 4 CL). A selective loss of L 4 CL is associated with mitochondrial dysfunction and heart failure in humans and animal models. We examined whether supplementing the diet with linoleic acid would preserve cardiac L 4 CL and attenuate mitochondrial dysfunction and contractile failure in rats with hypertensive heart failure.
Introduction
Modification of dietary fat content and composition is widely advocated as an important adjuvant therapy in the prevention of cardiovascular disease. Limiting fat consumption to ≤30% of total kilocalorie intake and favouring polyunsaturated over saturated and trans fatty acids are consistently recommended for the prevention of coronary artery disease. 1 -4 However, optimal dietary fat recommendations in the setting of chronic heart failure are less clear. 5, 6 We recently demonstrated that administration of a high-fat diet rich in linoleic acid (18:2n-6) improved survival in aged spontaneously hypertensive heart failure (SHHF) rats compared with a standard high-carbohydrate diet, whereas a diet rich in saturated fat (lard) had the opposite effect. 7 The mechanisms responsible for the opposing effects of the diets were not clear from this study, but survival was closely associated with changes in the content and fatty acyl composition of cardiolipin (CL), a mitochondrial phospholipid that plays a critical role in maintaining mitochondrial function and myocardial health. 8 CL is localized almost exclusively in mitochondria where it anchors cytochrome c to the inner membrane and provides essential structural and functional support to proteins involved in oxidative phosphorylation. 8 In the healthy mammalian heart, the majority of CL molecules contain four linoleoyl acyl moieties (L 4 CL), a configuration generated by an acyl-chain remodelling process that requires sufficient bioavailability of linoleic acid, an essential fatty acid. 8, 9 A selective loss of CL and/or the proportion of L 4 CL species has been reported in the failing human heart and several rodent models of cardiac pathology, 8 and is believed to be the primary cause of severe cardiomyopathy in Barth syndrome. 10 While mitochondrial dysfunction has been implicated in the pathogenesis of these forms of cardiomyopathy, it remains unclear whether treatments aimed at restoring the CL content and/or its linoleate-rich composition are an effective means of preserving mitochondrial function and attenuating disease progression. Given previous evidence that dietary linoleate supplementation reverses L 4 CL deficiency, 7 we administered diets supplemented with moderate quantities of high-linoleic safflower oil (HLSO) or lard (total fat ,30% kilocalorie intake) to SHHF rats in the present study during their progressive decline to end-stage heart failure when L 4 CL deficiency had been previously established. 11, 12 The effects of these diets on total CL and L 4 CL levels, mitochondrial respiration, and apoptotic signalling were examined and compared with values obtained from age-matched rats fed a standard chow diet without supplemental fat. In addition, effects on cardiac function, blood pressure, myocardial triglyceride accumulation, and circulating levels of leptin, glucose, insulin, and several bioactive lipid species derived from n-6 fatty acids were also examined based on previous studies implicating the effect of dietary fat interventions on these parameters during the progression of hypertensive heart disease. 6, 13, 14 2. Methods
Animal model and diets
Male lean SHHF rats (Mcc facp 2/2 ) were obtained from a colony maintained by Dr Sylvia McCune at the University of Colorado at Boulder. The SHHF rat model was selected for our studies due to its close similarity to the temporal, structural, and biochemical features of human hypertensive heart disease and dilated cardiomyopathy. 15 Animals develop hypertension by 5 months of age, marked cardiac hypertrophy by 15 months, and classic dilated heart failure by 22 -24 months of age, 11, 15 and respond to common pharmacotherapies at each stage of disease progression in a manner similar to what is seen in humans. 16 As in humans, the precise mechanisms involved in the pathogenesis of heart failure in the SHHF rat are complex and multifactorial; however, the loss of L 4 CL is a feature common to humans, SHHF rats, and other animal models of cardiomyopathy. 8, 11 Animals were maintained on a standard low-fat diet (Purina 5001) ad libitum prior to being assigned to one of the following experimental groups: a 5-month-old baseline control group (5 month, n ¼ 6), 21-month-old animals receiving standard chow (control, n ¼ 10), HLSO (HLSO, n ¼ 8), or lard diets (lard, n ¼ 8) for 4 weeks until sacrifice at 22 months of age. In compliance with current dietary recommendations for the prevention of cardiovascular disease, 4 total fat content of the HLSO and lard diets was limited to 28% of the total kilocalorie intake. All procedures in this investigation were approved by the Colorado State University Care and Use Committee and conform to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85 -23, revised 1996).
Echocardiography and blood pressure
Transthoracic echocardiography was performed non-invasively in rats under inhaled isoflurane anaesthesia (5% initial, 2% maintenance) using a 12 MHz paediatric transducer connected to a Hewlett Packard Sonos 5500 Ultrasound as previously described. Tail-cuff blood pressure measurements were obtained using the Kent Coda 6 system (Kent Scientific, Torrinton, CT, USA) in lightly isoflurane-anaesthetized rats.
Mitochondrial isolation and respiratory function
A detailed description of procedures for isolation of mitochondria, and assessment of respiratory function and enzyme activities is provided in the Supplementary material online, Methods. Briefly, following confirmation of deep anaesthesia (absence of hindlimb pinch reflex) with sodium pentobarbital (50 mg/kg ip), animals were sacrificed by midline thoracotomy and excision of the heart. Mitochondria were freshly isolated from 400 mg of left ventricular (LV) tissue in ice-cold Chappell-Perry buffer consisting of (in millimolar) 100 KCL, 50 MOPS, 1 EGTA, Cytochrome oxidase (COx) and citrate synthase activity were determined in frozen-thawed mitochondrial isolates using standard spectrophotometric methods on a Spectramax M2e spectrofluorometer (Molecular Devices). 11, 19 The relative protein abundance of OXPHOS complexes I-V (normalized to coomassie) was determined in mitochondrial isolates by standard immunoblotting methods using a commerically available antibody cocktail (Mitosciences).
Myocardial cardiolipin and global phospholipid fatty acid profiles
CL molecular species were determined in lipid extracts from 0.25 mg of mitochondrial protein by our published electrospray ionization mass spectrometry method. 12 'Total' CL represents the m/z sum of the 10 most prevalent CL species detected. To determine the fatty acid profile of total myocardial phospholipids, lipids were extracted from a 20 -40 mg sample of LV tissue followed by extraction of the phospholipid fraction by thin layer chromatography and gas chromotography to determine the relative proportions of individual fatty acids. Detailed methods are available in the Supplementary material online.
Quantitative RT-PCR of CL metabolism genes and CL synthase activity
To determine the effect of the HLSO and lard diets on the mRNA expression of enzymes involved in CL metabolism, qRT -PCR was performed on mRNA extracted from LV tissue using methods and primers recently described in detail. 20 Expression of the following genes were determined:
Cytidinediphosphate-diacylglycerol (CDP-DAG) synthetase-2 (cds-2), a rate-limiting enzyme in polyglycerophospholipid biosynthesis essential for de novo synthesis of CL. 21 CL synthase (crd-1), which catalyzes the formation of cardiolpin from phosphotidylglycerol and CDP-DAG. Tafazzin (taz), a CL transacylase involved in the fatty acyl remodelling of nacent CL into its predominant tetralinoleoyl (L 4 CL) configuration; and AcylCoA:lysocardiolipin acyltransferase-1 (alcat1) a polyglycerophospholipid acyltransferase capable of catalysing the acylation of lysocardiolipin putatively involved in the acyl-chain remodelling of CL. CL synthase enzyme
Dietary linoleate and heart failure activity was determined in isolated mitochondrial homogenates using methods previously described by Hatch and McClarty. 22 
Myocardial caspase activities and TUNEL staining
To provide an index of myocardial apoptotic signalling, Caspase-3/7, 8, and 9 activities were determined in LV homogenates (150 mg protein) by relative luminescence using the Caspase-Glo assays (Promega) according to the manufacturer's instructions on a luminescence spectrometer (Synergy 2; BioTek; Winooski, VT, USA). To confirm the presence of apoptosis in the heart, frozen myocardial tissue samples were obtained for TUNEL staining of apoptotic nuclei using a commercially available assay kit designed for cyropreserved tissue sections (GenScript, Piscataway, NJ, USA) according to the manufacturer's instructions (detailed methods available in the Supplementary material online).
Tissue triglycerides and plasma analyses
LV triglyceride content was determined using a spectrophotometric assay kit (BioVision). Non-fasted plasma was collected at the time of sacrifice and analysed using commercially available assays of plasma glucose (BioVision), insulin, and leptin (Crystal Chem) according to the manufacturers' instructions.
Serum eicosanoid profile
Serum contents of arachidonic acid (20:4n6), docosahexaenoic acid (22:6n3), 9-and 13-hydroxyoctadecadienoic acids (9-and 13-HODE), and several eicosanoid species derived from 20:4n6 were quantified in lipid extracts obtained from 200 mL of serum by an LC/MS/MS in Dr Murphy's laboratory using deuterated standards (Cayman) as previously described in detail. 23 
Statistical analyses
All data are presented as group means + SE. Group differences compared with baseline (5 month) values and among the 22-month groups examined by one-way ANOVA with Tukey tests post hoc. Within-group differences in echocardiography data from pre-to post-treatment were compared by paired t-tests. Statistical significance was established at P ≤ 0.05 for all analyses.
Results

Animal characteristics
Body weight increased in all animals by 21-22 months compared with 5-month baseline, but there was no significant effect of the HLSO or lard diet (Table 1) . Heart weight increased from 5 to 22 months as expected in this model 11, 15 with a trend for greater heart weights in both HSLO and lard diets, but there were no independent effects of either diet on absolute or relative heart weight.
Echocardiography and blood pressure
Animals were matched on all echocardiographic parameters at 21 months prior to beginning the experimental diets ( Figure 1 ) and exhibited marked LV hypertrophy and systolic dysfunction compared with normal rats at this age, indicative of the early stages of decompensated heart failure well defined in this model. 7, 15 There were no changes in LV internal diameter in diastole (LVIDd) or posterior wall thickness (PWT) in any group over the 4-week-experimental period. LV fractional shortening significantly decreased in all groups, but this decline was attenuated by the HLSO diet. Blood pressure was significantly elevated in all groups compared with normal rats as previously reported, 7, 15 with no significant effect of either diet (Table 1 ).
CL and phospholipid fatty acid profiles
The total CL content of LV mitochondria decreased to 75 and 68% of 5 month levels in the control and lard groups by 22 months, respectively, but was maintained at 90% in the HLSO group ( Figure 2) . Similarly, the relative proportion of L 4 CL decreased to 74 and 61% of 5 month levels in the control and lard groups, respectively, but was restored to 90% of 5 month levels in the HLSO-fed animals ( Figure 2B ). This progressive loss of L 4 CL was associated with a 17 and 28% lower proportion of linoleate (18:2n-6) in the global myocardial phospholipid pool in the control and lard groups, respectively, which was restored to 94% of 5 month levels by HLSO feeding ( Figure 2C ). Relative proportions of palmitate (16:0), oleate (18:1n9), and DHA (22:6n3) were significantly greater in the 22-month control and lard groups compared with 5 month levels, but were maintained near 5 month levels by HLSO feeding. Both the HLSO and lard diets preserved levels of stearate (18:0) that declined in the 22-month vs. 5-month controls, and lard significantly increased arachidonate (20:4n6) levels compared with 5-and 22-month controls.
CL metabolism genes and CL synthase activity
A recent study reported several significant age-related changes in the expression of enzymes involved in the biosynthesis and acyl-chain remodelling of CL in the SHHF rat model, 20 therefore the effects of the HLSO and lard diets compared with 22-month controls were examined in the present study ( Figure 2D ). and lard groups (P ¼ 0.10), but had no significant effects on the expression of other CL metabolism genes. The lard diet tended to decrease expression of all CL metabolism genes examined, and significantly suppressed expression of crd1 compared with control and HLSO groups (P , 0.05). Mitochondrial CL synthase activity was significantly lower in all 22-month groups compared with 5-month controls (P , 0.05), but was not significantly affected by the HLSO or lard diets.
Mitochondrial respiratory function
State 3 (ADP-dependent) respiration in isolated cardiac mitochondria declined to 78 and 83% of 5 month levels in the 22-month control animals using pyruvate and PC as substrates, respectively, indicating significant impairment of mitochondrial respiratory function with advancing heart failure in this model ( Figure 3A) . Administration of the HLSO diet maintained state 3 respiration levels to 95 and 91% of 5 month levels using pyruvate and PC, while the lard diet had no effect on pyruvate or PC respiration compared with 22-month controls. State 4 respiration tended to increase from 5 to 22 months in all groups using pyruvate, and increased to a statistically significant 16% above 5 month levels using PC in the control and lard, but not in the HLSO group ( Figure 3B ). These changes in respiratory states were reflected by a significant decrease in the respiratory control ratio (RCR; Figure 3C ) in all 22-month groups that was attenuated by HLSO using pyruvate, but not PC as a substrate. Significant correlations were found between L 4 CL and state 3 (r ¼ 0.59, 0.50), state 4 (r ¼ 20.55, 20.54), and RCR (r ¼ 0.88, 0.58) using pyruvate and PC as substrates, respectively, using paired data from individual animals in the control, HLSO, and lard groups (n ¼ 5 -6/group) (P , 0.05 for all analyses). The mitochondrial activity of COx, a CL-dependent respiratory enzyme, was significantly lower in all the 22-month groups compared with 5 month levels, but was significantly greater in the HLSO compared with lard and control groups ( Figure 3D ). There was no effect of diet or disease progression on the protein contents of OXPHOS complexes I-V or the activity of the matrix enzyme citrate synthase in LV mitochondria ( Figure 3E and F ).
Myocardial caspase activities and TUNEL staining
Myocardial caspase 3/7, 8, and 9 activities were significantly greater in the 22-month-old control group compared with 5 month levels ( Figure 4) , indicating significant induction of cardiac apoptotic signalling with disease progression in this model. The HSLO diet attenuated caspase-3/7 activity compared with control, whereas the lard diet increased activity above control and HLSO levels (P , 0.05). Both HLSO and lard tended to suppress caspase-9 activity, but no significant effects of diet were seen on caspase-9 or -8 activity. Despite significant effects on caspase-3/7, TUNEL staining of myocardial sections failed to confirm any effect of disease or diet on apoptosis in this model (Supplementary material online, Figure S2 ).
Tissue triglycerides and plasma analyses
LV triglyceride content was not significantly altered by disease progression or the HLSO diet, but was increased by the lard diet ( Figure 5A ). There were no effects of disease or diet on fed plasma glucose or leptin levels ( Figure 5B and D) ; however, plasma insulin tended to decrease with both fat supplemented diets, reaching statistical significance in the HLSO group only.
Serum eicosanoids
Given the possibility that dietary linoleate supplementation could augment production of bioactive lipid species by the cyclooxygenase and lipoxygenase pathways with potential relevance in inflammatory processes and cardiovascular health, the serum contents of several lipid species derived from linoleic (HODEs) and arachidonic acid metabolism (eicosanoids) were examined ( Figure 5E ). Plasma levels of HODEs were significantly elevated at 22 months compared with 
Discussion
The present study demonstrates that supplementing the diet with HLSO, limiting total fat consumption to ,30% of kilocalorie intake, increases L 4 CL and total CL content in LV mitochondria, and attenuates the cardiac mitochondrial respiratory dysfunction associated with advanced hypertensive heart disease. HLSO also attenuated LV contractile dysfunction compared with the lard and control diets, but had no effect on blood pressure despite elevating serum levels of putatively vasoactive n-6 PUFA-derived eicosanoid species. The present study corroborates previous evidence for a progressive loss of L 4 CL in SHHF rats 11 that is attenuated by dietary linoleate and slightly worsened by lard supplementation. 7 Diet-induced changes in L 4 CL paralleled changes in myocardial membrane 18:2n6 content, suggesting that HLSO and lard could have influenced L 4 CL levels by altering the bioavailability of phospholipid 18:2n6 for CL remodelling. Both the HLSO and lard diets elicited changes in crd-1 expression that reflected their effects on total CL levels; however, parallel effects on CL synthase enzymatic activity in mitochondrial homogenates were not observed. This finding is in agreement with a recent study by Lu et al. 27 reporting that CL synthase mRNA levels do not necessarily correlate with enzyme activity or CL content, and suggests that diet-induced changes in total CL levels must have resulted from altered flux through the biosynthetic pathway upstream of CL synthase and/or CL degradation pathways. Mitochondrial CL levels are regulated by a complex interplay of hormonal, enzymatic, and non-enzymatic factors, 28 -31 any number of which might have been influenced by dietary fat content/composition and/or its effects on cardiac pathology in the present study. Additional studies investigating the interaction of dietary lipids on CL metabolism may yield important insights into how nutritional interventions may influence CL-dependent processes relevant to human health and disease. 8, 31 As previously reported, 11 decreases in L 4 CL corresponded to reduced mitochondrial COx activity, which paralleled significant lower rates of state 3 respiration in the present study. COx is known to require L 4 CL for optimal activity, 32 and so we hypothesized that preservation of L 4 CL by HLSO would at least partially restore COx activity and improve mitochondrial respiratory function. Figure 3 Left ventricular mitochondrial respiratory function. State 3 (ADP-dependent) respiration was lower in the control and lard groups using both pyruvate and palmitoylcarnitine as the substrate compared with 5-month baseline values, but was partially preserved in the HLSO-treated animals (A). State 4 (uncoupled) respiration tended to be elevated in the Con and lard groups vs. baseline, but this increase was attenuated in the HLSO group (B). The respiratory control ratio was lower in the control and lard groups using both pyruvate and palmitoylcarnitine as the substrate compared with 5-month baseline values, but was partially preserved in the HLSO-treated animals (C). Cytochrome oxidase activity in mitochondrial isolates was lower in all 22-month groups vs. 5-month baseline, but was significantly higher in the HLSO group compared with lard and control (D) groups. There were no significant effects of disease or diet on the relative protein contents of mitochondrial OXPHOS complexes (E) or citrate synthase activity (F). Data are means + SEM (n ¼ 8/group). *P , 0.05 vs. 5-month baseline; † P , 0.05 vs. Con; ‡ P , 0.05 vs. all groups. Figure 4 Caspase activities from myocardial homogenates. Elevations in caspase activities were observed in all older animals vs. 5 month (P , 0.05) with the exception of caspase 8 in the lard group. Caspase 3/7 activity was significantly lower in the HLSO and higher in the lard group compared with control rats (P ≤ 0.05). Data are means + SEM (n ¼ 4 -8/group). *P , 0.05 vs. 5-month baseline; † P , 0.05 vs. Con.
Dietary linoleate and heart failure Indeed, mitochondria from the HLSO-fed animals exhibited greater COx activity and higher rates of state 3 respiration using both carbohydrate and fatty acid substrates compared with animals fed the control diet, whereas the lard diet had no effect. There were no effects of disease progression or diet on the protein contents of COx or the other OXPHOS complexes in LV mitochondria, indicating that HLSO-induced increases in L 4 CL and/or total CL may be, at least in part, responsible for the improvements in respiratory function. Decreases in the capacity and/or efficiency of mitochondrial oxidative phosphorlyation are widely hypothesized to contribute to cardiac dysfunction in heart failure, 33, 34 and therefore the benefits of HLSO on respiratory function, while relatively modest, could have contributed to its preservation of LV function in the current study. CL is known to anchor cytochrome c to the inner mitochondrial membrane, 35 and loss of its content or 18:2n6-rich configuration has been shown to initiate release of cytochrome c, triggering activation of caspase-9, and initiation of apoptosis in vitro. 36 CL is also required for activation of caspase-8, implicating its role in mitochondria-dependent apoptosis in response to Fas stimulation as well. 37 Given evidence supporting a role of mitochondria-mediated apoptosis in the development of cardiomyopathy, 38 we examined whether changes in CL were associated with altered myocardial caspase activities and apoptosis in the present study. Significant increases in all three caspase activities were observed in the 22-month-old SHHF rats compared with young animals, providing novel evidence of increased apoptotic signalling during the development of cardiomyopathy in this model. However, we failed to detect any TUNEL positive nuclei in hearts from the control or diet groups, indicating that the actual level of myocardial apoptosis is either very low or non-existent. This finding is in agreement with previous studies reporting the occurrence of apoptosis as extremely low or undetectable in cardiomyopathic hearts from SHHF rats 39 and humans. 40, 41 Nevertheless, very low rates of apoptotic myocyte loss could contribute significantly to cardiac dysfunction and failure in vivo, 42 and therefore we cannot rule the potential effect of enhanced apoptotic signalling in the progression of cardiomyopathy in the present study. The respective effects of HLSO and lard on caspase-3/7 activity are consistent with previous evidence indicating pro-and anti-apoptotic effects of diets rich in saturated vs. unsaturated fatty acids, respectively. 43 However, the involvement of CL alterations in these effects is questionable since both HLSO and lard tended to decrease caspase-9 activity, and neither significantly affected caspase-8. Taken together, these data suggest that induction of apoptotic signalling occurs during the early stages of heart failure in the SHHF rat model and may be influenced by dietary fat composition. However, the pathological significance and influence of CL alterations in this process requires more direct investigation. In addition to its effects on mitochondria and CL, the HLSO diet might have improved LV function by other mechanisms. While there were no effects of disease progression or diet on plasma glucose levels, HLSO tended to suppress serum insulin to a greater extent than the lard diet. High levels of circulating insulin have been associated with insulin resistance and poor prognosis in heart failure. 6, 44 While insulin sensitivity was not assessed in the present study, the suppressive effect of HLSO on plasma insulin coupled with a greater capacity of mitochondria to oxidize pyruvate may reflect an improvement in myocardial glucose utilization, which could have improved LV function. 45 It is also interesting to note that HLSO failed to elicit the significant increase in tissue triglycerides seen with the lard diet. Myocardial accumulation of triglycerides has been associated with cardiac dysfunction in humans and animal models; 6, 46 however, it is unlikely to explain the effects of lard and HLSO on cardiac function since the decline in fractional shortening in the lard group was similar to that of controls. The HLSO diet also promoted an increase in the serum levels of several bioactive lipid metabolites derived from 18:2n6 and its desaturation-elongation product arachidonic acid (20:4n6) compared with the control and lard diet groups. The most dramatic increases were in HETEs and HODEs generated by the enzymatic lipoxygenation of 20:4n6 and 18:2n6, respectively. Effects on cyclooxygenasederived TXB 2 , PGE 2 , and PGF 2a were comparatively minor, suggesting a preferential increase in lipoxygenase activities in this model despite an abundance of exogenous substrate available to both enzyme systems. Up-regulation of 12/15 lipoxygenase has been linked to heart failure in mice, 47 possibly through activation of inflammatory and/or other signalling pathways in cardiomyocytes. 48 However, the present study and another 7 support a beneficial effect of dietary HLSO supplementation in the SHHF rat model despite serum elevations in these molecules.
Interestingly, a very recent study by Galvao et al. 49 reported improved survival in d-sarcoglycan null cardiomyopathic hamsters fed a high-fat diet (45% kilocalorie fat) rich in saturated fat (from lard and cocoa butter) compared with a high-fat PUFA-rich diet (containing 18:2n6 and 18:3n3) or low-fat control diet, despite persistent mitochondrial defects and no improvement of cardiac function. This finding conflicts with the results of the current investigation and a previous study demonstrating improved survival in SHHF rats fed a high-fat HLSO diet compared with lard and control diets. 7 Specific differences between the present study and that of Galvao et al. include the timing and duration of the dietary interventions, the specific fatty acid content/composition of the diets, and the species and disease phenotype of the animal model being investigated; all of which could contribute to the conflicting results. Accordingly, care should be taken when interpreting the findings of these and other animal studies in the context of human heart failure, which results from a variety of different aetiologies that might respond differently to dietary HLSO and lard supplementation.
In conclusion, the present study demonstrates that moderate HLSO supplementation preserves the content and linoleate enrichment of CL and attenuates the loss of mitochondrial and contractile function in the failing rat heart. These findings underscore potentially important biological effects of dietary linoleic acid and/or HLSO, and support the potential utility of this dietary intervention as an adjuvant therapy in the treatment of heart failure associated with hypertensive heart disease.
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